DNAs from bacteria and variety of nonvertebrate organisms, including nematodes, mollusks, yeasts, and insects, cause polyclonal activation of murine B lymphocytes. Similar studies have not been reported for bovine B cells, and to date no studies have reported mitogenic properties of protozoal DNA for any species. However, we and others have observed that protozoal parasite antigens can induce the proliferation of lymphocytes from nonexposed donors. Extending these studies, we now show that the mitogenic property of protozoal antigen preparations is in part attributable to parasite DNA and that Babesia bovis DNA is directly mitogenic for bovine The mitogenic properties of bacterial DNA include its ability to stimulate murine B cells to proliferate and secrete antibody (33) and its ability to activate macrophages to secrete cytokines (interleukin-6 [IL-6], IL-12, IL-18, alpha interferon [IFN-␣], and tumor necrosis factor alpha [TNF-␣]) involved in inflammation and promotion of a type-1 immune response (reviewed in reference 42). Additional effects of bacterial DNA include its induction of IL-1␤ and inducible nitric oxide synthase (iNOS) in IFN-␥-treated macrophages (52). Specific sequences present in microbial DNA, consisting of a nonmethylated CG core flanked by two 5Ј purines and two 3Ј pyrimidines, are largely responsible for its mitogenic properties. Mammalian DNA, which is predominantly methylated and has a suppressed frequency of CG dinucleotides (4), is not mitogenic. However, DNAs from a variety of nonvertebrate organisms, including insects (e.g., Drosophilia melanogaster), yeasts (e.g., Schizosaccharomyces pombe), nematodes (e.g., Caenorhabditis elegans), and mollusks (e.g., Mytilus edulis) have mitogenic properties for murine B cells that are similar to those of bacterial DNA, which correlated with the presence of nonmethylated CG dinucleotides (57, 58).
The mitogenic properties of bacterial DNA include its ability to stimulate murine B cells to proliferate and secrete antibody (33) and its ability to activate macrophages to secrete cytokines (interleukin-6 [IL-6], IL-12, IL-18, alpha interferon [IFN-␣], and tumor necrosis factor alpha [TNF-␣]) involved in inflammation and promotion of a type-1 immune response (reviewed in reference 42). Additional effects of bacterial DNA include its induction of IL-1␤ and inducible nitric oxide synthase (iNOS) in IFN-␥-treated macrophages (52) . Specific sequences present in microbial DNA, consisting of a nonmethylated CG core flanked by two 5Ј purines and two 3Ј pyrimidines, are largely responsible for its mitogenic properties. Mammalian DNA, which is predominantly methylated and has a suppressed frequency of CG dinucleotides (4), is not mitogenic. However, DNAs from a variety of nonvertebrate organisms, including insects (e.g., Drosophilia melanogaster), yeasts (e.g., Schizosaccharomyces pombe), nematodes (e.g., Caenorhabditis elegans), and mollusks (e.g., Mytilus edulis) have mitogenic properties for murine B cells that are similar to those of bacterial DNA, which correlated with the presence of nonmethylated CG dinucleotides (57, 58) .
Protozoal parasites and crude antigenic fractions stimulate proliferation of peripheral blood mononuclear cells (PBMC) obtained from nonexposed donors, but the mitogenic components have not been completely defined. Examples include the stimulation of PBMC by Theileria parva (24, 40, 41) , Plasmodium falciparum (15, 23, 29) , Leishmania sp. (31) , and Trypanosoma cruzi (44) . We have similarly observed nonspecific proliferation of bovine PBMC in response to a membrane-enriched subcellular fraction prepared from Babesia bovis merozoites cultured in bovine erythrocytes (11, 12) . The recent finding that DNAs from many types of nonvertebrate organisms are mitogenic for B cells led us to test the hypothesis that the stimulation of PBMC from naive donors by protozoal extracts is also in part attributable to DNA.
This study is the first to demonstrate the mitogenic properties of protozoal DNA for mammalian leukocytes. We show that B. bovis DNA is largely nonmethylated and stimulates B-cell proliferation and immunoglobulin G (IgG) secretion. Furthermore, B. bovis DNA contains CpG immunostimulatory sequences (ISS). We identify a potential mechanism by which protozoal parasites modulate host immune responses, and our results support the use of ISS as vaccine adjuvants to enhance type-1 immune responses in cattle.
MATERIALS AND METHODS
B-lymphocyte purification. B cells were purified from bovine PBMC by negative selection by using a modified panning procedure (21, 50) or by positive selection with anti-bovine CD21-coated magnetic beads (62) . For negative selection, macrophages were removed by the addition of 15 l of a 4% carbonyl iron suspension in sterile phosphate-buffered saline (PBS) to 60 ml of blood collected in 2 ml of EDTA (0.5 M, pH 8.0) and incubated at 37°C for 30 min with gentle agitation. PBMC were isolated by Histopaque (Sigma Chemical Co., St. Louis, Mo.) density centrifugation, washed twice in Alsever's solution (Sigma), and resuspended in panning solution (3% bovine serum albumin [BSA] fraction V [Sigma] in Hanks balanced salt solution, pH 7.4, with 0.9 mM Mg 2ϩ and 1.25 mM Ca 2ϩ ). After centrifugation at 250 ϫ g for 10 min at 10°C, the cells were resuspended at a concentration of 10 7 cells per ml in panning solution, and 9 ml of cell suspension was placed in a T-75 flask (Corning, Cambridge, Mass.) and allowed to adhere at room temperature for 1 h, with gentle swirling after 30 min. The nonadherent cells were removed, and after careful rinsing with complete RPMI 1640 medium (11) the adherent, enriched B-cell population was collected by vigorous agitation. The cells were washed and resuspended in Hanks balanced salt solution, and CD3 ϩ T cells were removed after incubation of 10 7 cells per ml with 15 g of sodium azide-free bovine CD3-specific monoclonal antibody (MAb) MM1A per ml (kindly provided by William C. Davis, Washington State University, Pullman) for 30 min at 4°C, incubation with goat anti-mouse IgGcoated magnetic beads (Dynabead M-450; Dynal, Inc., Lake Success, N.Y.), and removal of bead-bound cells with a magnet according to the manufacturer's protocol. The remaining cells were washed in complete RPMI 1640, and aliquots were removed for cell surface phenotype analysis.
Positive selection of B cells from PBMC was performed essentially as described previously (62) . Briefly, B lymphocytes were isolated from PBMC by using anti-bovine CD21 MAb GB25A and goat anti-mouse IgG-coated magnetic beads (Dynal) according to the manufacturer's instructions. MAb GB25A was purchased from the Washington State University Monoclonal Antibody Center. MAb GB25A was added at 0.25 g per 10 6 PBMC, and magnetic beads were added at 4.5 ϫ 10 5 beads per 10 6 PBMC. Flow cytometric analysis of purified B cells. Cell surface phenotype analysis was performed by using flow cytometry as described earlier (7) and MAb (15 g/ml) specific for bovine CD2 (MUC 2A), CD3 (MM1A), CD4 (CACT 138A), CD8 ␣ and ␤ chains (CACT 80C and BAT 82A), ␥␦ TcR1-N12 (CACT-61A), and CD14 (CAM36A). These MAbs were kindly provided by William C. Davis. A MAb (IL-A24) that stains a molecule present on dendritic cells and macrophages and monocytes (20) was obtained from the International Laboratory for Research on Animal Diseases, Nairobi, Kenya). Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin (a mixture of IgG, IgA, and IgM affinity-purified F(abЈ) 2 fragments; Cappel/Organon Teknika, Malvern, Pa.) was used as a secondary antibody, and background staining was indicated by staining with this antibody alone. FITC-labeled, affinity-purified (FabЈ) 2 goat anti-bovine IgG (FabЈ) 2 -specific antibody (Jackson Immunoresearch Laboratories, Inc., Avondale, Pa.) was used (50 g/ml) to label the B cells. After the negative selection panning procedure, there were no residual cells that expressed TcR1, CD3, CD4, CD8, CD14, or the molecule recognized by IL-A24, indicating that T cells, monocytes and macrophages, and dendritic cells were depleted. The majority (ca. 90%) of the panned cells expressed surface immunoglobulin (sIg), indicating the purity of the B-cell population, and in some experiments 2 to 10% of the cells expressed CD2 in the absence of other surface markers. After positive selection with anti-CD21-coated beads, approximately 94% of the cells expressed sIg, and less than 2% of the recovered B cells expressed TcR1, CD2, CD3, CD4, CD8, or CD14.
Preparation of DNA. Calf thymus DNA and lyophilized Escherichia coli were purchased from Sigma. Lyophilized E. coli (1 g) was resuspended in 6 ml of TE buffer (100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 25 mM EDTA [pH 8.0]) containing 10 mg of lysozyme per ml (Sigma) and incubated at 37°C for 1.5 h; an additional 4 ml of lysozyme in TE buffer was added for the last 30 min of incubation. The mixture was then diluted to 20 ml with TE buffer, proteinase K (Sigma) was added to a final concentration 0.5 mg/ml, and sodium dodecyl sulfate (SDS) was added to a final concentration of 0.6% (vol/vol). The mixture was incubated at 50°C for 1 h. The volume was then increased to 25 ml with TE buffer, proteinase K was added to a final concentration of 2 mg/ml, and SDS was added to a final concentration of 0.6% (vol/vol). The mixture was incubated at 50°C overnight with continuous shaking. DNA was extracted once with phenol, seven times with phenol-chloroform-isoamyl alcohol, and once with chloroformisoamyl alcohol. E. coli DNA was precipitated with 3 M sodium acetate (pH 5.0) and absolute ethanol. The pellet was washed once with 70% ethanol and allowed to air dry. B. bovis DNA was prepared from the Texas or Mexico strains that were maintained in continuous culture in bovine erythrocytes (11) . Merozoites were freed from erythrocytes as described earlier (11) and washed in PBS. DNA was prepared from merozoites that were resuspended in digestion buffer containing 100 mM NaCl, 10 mM Tris-HCl (pH 8.0), 25 mM EDTA (pH 8.0), 0.5% (vol/vol) sodium dodecyl sulfate, and 0.1 mg of proteinase K per ml and then incubated with shaking at 50°C overnight. The DNA was extracted once with phenol, twice with phenol-chloroform-isoamyl alcohol, and once with chloroform-isoamyl alcohol; it was then precipitated with 3 M ammonium acetate (pH 5.0) and absolute ethanol and washed with 70% ethanol, and the pellet was allowed to air dry. The E. coli and B. bovis DNA pellets were dissolved in PBS overnight at 37°C. The DNA concentrations were determined spectrophotometrically by optical density analysis. Immediately prior to assay, the DNAs were denatured (single stranded) by heating to 95°C for 5 min and then chilled on ice for 5 min before dilution in complete RPMI 1640 medium or DNase I buffer (33) .
DNase treatment of B. bovis antigen and DNA. B. bovis merozoite crude membrane (CM) antigen was prepared as described previously (11) by rupturing free merozoites with a French pressure cell at 1,500 lb/in 2 , pelleting the merozoite organelles and membranes by centrifugation at 145,000 ϫ g for 1 h, and resuspending the pellet in PBS. CM antigen was incubated for 2 h at 37°C at a concentration of 1 mg of protein per ml of DNase I buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , and 0.5 mg of BSA per ml with a final concentration of 1 mg of DNase I (Sigma) per ml. Purified DNA (150 to 200 g/ml) was similarly treated with DNase for 2 h at 37°C and then stored at Ϫ20°C until use. Prior to use in proliferation assays, the DNA concentration was determined again by spectrophotometric analysis. Complete digestion of the DNA was confirmed by agarose gel electrophoresis. E. coli and B. bovis DNA contained Ͻ12 pg of endotoxin per ml when tested by the Limulus amebocyte lysate assay (Whittaker M. A. Bioproducts, Walkersville, Md.).
Methylation of E. coli and B. bovis DNA. DNA was methylated essentially as described for Drosophila DNA (58) . CpG methylase (SssI methylase) and HpaII restriction endonuclease were purchased from New England BioLabs (Beverly, Mass.), and methylation was performed according to the manufacturer's instructions. DNA was treated with SssI methylase (1 to 2 U/g of DNA) in NEB2 buffer (New England BioLabs) supplemented with S-adenosylmethionine at 37°C, with replenishment of S-adenosylmethionine every 4 h. Aliquots were removed periodically, and the extent of methylation was determined by the measuring the resistance of the treated DNA samples to cleavage by HpaII restriction endonuclease. Aliquots of untreated or methylated DNAs were digested with HpaII for 1 h at 37°C and electrophoresed on 1% agarose gels. Complete methylation was achieved after incubation with SssI methylase for 24 h. DNA was then extracted twice with phenol-chloroform-isoamyl alcohol and once with chloroform-isoamyl alcohol, precipitated with 3 M sodium acetate and absolute ethanol, washed with 70% ethanol, air dried, and dissolved in PBS. The concentration was determined by spectrophotometric analysis.
Oligodeoxynucleotides. Oligodeoxynucleotides were designed by using published sequences (33, 55) and purchased from Operon Technologies (Alameda, Calif.). Phosphorothioate-modified oligodeoxynucleotides were purchased from Oligos Etc. (Wilsonville, Oreg.). Each oligonucleotide was further purified by precipitation with 3 M sodium acetate and absolute ethanol, air dried, and dissolved in PBS for use in B-cell proliferation assays. All oligonucleotides (20 to 40 M concentrations) were negative for endotoxin contamination when tested by the Limulus amebocyte lysate assay, which has a sensitivity of 3.0 pg of endotoxin/ml (Whittaker).
Lymphocyte proliferation assays. PBMC were obtained from three head of cattle (B1, B2, and C2) with no known exposure to B. bovis and from a cow (C15) that was immunized by three inoculations of cultured B. bovis merozoites (11) . PBMC were cultured in triplicate wells at a density of 2 ϫ 10 6 cells per ml in 100-l volumes in 96-well round-bottomed plates (Costar, Cambridge, Mass.) in complete RPMI 1640 medium with 1 to 25 g of untreated or DNase-treated B. bovis CM antigen per ml or 10 g of concanavalin A (ConA; Sigma) per ml for 3 or 6 days (11). Purified B cells were cultured for 72 h in duplicate or triplicate at a density of 2 ϫ 10 6 cells per ml in 100-l volumes in complete RPMI 1640 medium with 1 to 25 g of pokeweed mitogen (PWM; Sigma) per ml, 0.25 to 50 g of DNA purified from E. coli (Sigma) per ml, 1 to 50 g of calf thymus DNA (Sigma) per ml, or 1 to 100 g of DNA purified from the Mexico or Texas strains of B. bovis parasites per ml. DNAs were tested alone or after treatment with DNase I. As a control, buffer containing DNase I, equal in amount to that present in 25 g of B. bovis CM antigen per ml, was added to cultures of PBMC with ConA or to B cells with PWM to rule out any toxic effect of the DNase on cellular proliferation. In some experiments, polymyxin B sulfate (Sigma) was added at a final concentration of 10 g/ml. Oligonucleotides were added to B-cell proliferation assays at a concentration of 0.15 to 40 M. B cells were cultured for 48 or 72 h and either radiolabeled for the last 6 to 18 h of culture with 0. (33) . The cells were then harvested and counted in a liquid scintillation counter. Results are presented as the mean counts per minute (cpm) of replicate cultures Ϯ 1 standard deviation (SD) or as the stimulation index (SI), which was determined by dividing the mean cpm in replicate cultures of B lymphocytes with mitogen, DNA, or oligonucleotide by the mean cpm in replicate control cultures of B lymphocytes with medium. Proliferation was analyzed for statistical significance by Student's one-tailed t test.
Mycoplasma detection assay. Aliquots of B. bovis CM antigen, soluble, cytosolic (HSS) antigen, and purified B. bovis DNA were tested for Mycoplasma by PCR with a Mycoplasma primer set (Stratagene, La Jolla, Calif.) according to the manufacturer's protocol. More than 40 samples collected over a period of several years were found to be negative for the species of Mycoplasma detected by this PCR assay. Positive and negative controls included in the assays verified the accuracy and sensitivity of the assay. (53) . Supernatants were harvested after centrifugation of the plates at 250 ϫ g for 10 min and were stored at Ϫ20°C. Prior to the assay, supernatants were again centrifuged (5,000 ϫ g for 10 min) to pellet any cellular debris. Each duplicate sample was analyzed two or more times by sandwich capture enzyme-linked immunosorbent assay (ELISA) to detect IgM, IgG1, and IgG2 by using reagents specific for these immunoglobulin classes and subclasses as described earlier (21, 22) . To detect IgM, a symmetrical sandwich capture ELISA was performed as described previously (22) . Briefly, 96-well U-bottom immunoassay plates (Dynatech) were coated overnight at 4°C with 1 g of goat anti-bovine IgM (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) diluted in PBS per well. The plates were washed three times, blocked for 1 h at 37°C with 10% horse serum (GIBCO-BRL, Grand Island, N.Y.) diluted in PBS, and washed another three times; culture supernatants diluted 1:2 to 1:10 in PBS were then added to the wells in triplicate and incubated for 1 h at 37°C. To measure IgG1 and IgG2, plates were coated with 1 g of goat anti-mouse IgG (Kirkegaard & Perry) in PBS per well overnight, washed three times in PBS, and blocked with 10% horse serum in PBS for 1 h at 37°C. Mouse anti-bovine IgG1 (1:500 dilution) or anti-bovine IgG2 (1:1,000 dilution) MAb purchased from Serotec, Ltd. (Oxford, United Kingdom) was added and incubated for 1 h at 37°C. Test supernatants diluted in 5% IgG-free normal horse serum (GIBCO-BRL) in PBS were added, and the plates were incubated for 1 h at 37°C. The plates were then washed, and alkaline phosphate-conjugated goat anti-bovine IgM (Kirkegaard & Perry) or alkaline phosphate-conjugated goat anti-bovine IgG (Kirkegaard & Perry), which had been previously adsorbed against mouse IgG, was added. The plates were incubated for 1 h at 37°C and then washed; substrate was then added for 1 h at 37°C. The reaction was developed by using a kit supplied by Kirkegaard & Perry according to the manufacturer's instructions, and the optical density was determined with a Dynatech MR5000 ELISA plate reader at 405 nm. In each assay plate, immunoglobulin standards were included that consisted of purified bovine IgM (Sigma) or protein G affinity-purified bovine IgG1 and IgG2 (Jackson Immunoresearch, Westgrove, Pa.). Results are presented as the mean concentration in nanograms per milliliter Ϯ 1 SD of IgM, IgG1, or IgG2 in duplicate cultures of B cells. The levels of secreted immunoglobulin were analyzed for statistical significance by Student's one-tailed t test.
Analysis of B. bovis genomic DNA. An 11-kb fragment of genomic DNA obtained from a EMBL BamHI genomic library prepared from the MO7 biological clone of the Mexico strain of B. bovis, which contains a total of five open reading frames (ORF), including two encoding identical RAP-1 genes, was recently described (GenBank accession number AF027149 [55] ). This 11-kb sequence was analyzed for the presence of CG dinucleotides and for specific AA CGTT hexamers with the GCG (version 8.0) software package (17) .
RESULTS
Nonspecific stimulation of lymphocyte proliferation by B. bovis merozoite antigen is DNase sensitive. Over the course of our studies examining antigen-specific proliferation of B. bovisimmune and control PBMC, we observed nonspecific proliferation by PBMC from nonexposed cattle when cultured with the B. bovis merozoite antigen. Unlike the proliferative response to a T-cell mitogen, such as ConA, which is maximal at 2 to 3 days poststimulation (11) , the response to B. bovis antigen by nonimmune PBMC peaked at 6 days poststimulation (data for two cows are shown in Fig. 1 ). The response by nonimmune PBMC was abrogated by treatment with DNase ( Fig. 1B and  D) , whereas the proliferation of antigen-specific PBMC obtained from B. bovis-immune cow C15 (11) was only partially inhibited by DNase (data not shown). Nonspecific inhibition by either DNase or the buffer was ruled out, since the addition of equivalent amounts of these reagents to PBMC stimulated with mitogenic doses of ConA had no effect (data not shown). Similarly, the addition of DNase to mitogenic doses of PWM did not inhibit B-cell proliferation (data not shown).
Stimulation of B-lymphocyte proliferation by B. bovis and E. coli DNA. DNAs from a variety of different organisms, including bacteria, insects, yeasts, nematodes, and mollusks, have been shown to have mitogenic properties for murine B cells (33, 43, 57, 58) . However, bacterial DNA was not mitogenic for human B cells, even though stimulation by selected phosphorothioate-modified oligonucleotides has been observed (5, 35) , and to date there have been no reports of the capability of protozoal DNA to stimulate B lymphocytes from any species. To extend the studies with mitogenic nonvertebrate DNA from mice to an outbred species and to determine if DNA purified from B. bovis merozoites could directly activate B lymphocytes from the natural host of this protozoal parasite, bovine B lymphocytes were purified from PBMC of cattle not exposed to B. bovis and were assayed for stimulation with DNA purified from E. coli (positive control), calf thymus (negative control), or B. bovis. In eight experiments with B cells purified from PBMC by negative selection from donor cattle and DNA prepared from either the Mexico or the Texas strain of B. bovis, we detected a dose-dependent proliferative response to B. bovis DNA (a representative experiment is presented in Fig. 2 ). The SI values ranged from 3.0 to 6.5 when 25 to 50 g of B. bovis DNA per ml was used. Treatment of B. bovis DNA with DNase I completely abrogated stimulation, as shown in Fig. 3 , which represents the mean of three independent experiments. Calf thymus DNA did not stimulate bovine B cells at any of the concentrations from 0.2 to 50 g/ml (data not shown and Fig. 3 ). E. coli DNA was generally more effective at inducing proliferation than was B. bovis DNA, since higher responses were typically observed with lower concentrations of E. coli DNA (Fig. 2) . Significant endotoxin contamination of E. coli and B. bovis DNA was ruled out by the Limulus assay, which revealed the presence of Ͻ12 pg of endotoxin in 50 g of DNA. This concentration of endotoxin is far below a mitogenic one, since in proliferation assays performed with bovine PBMC or B cells, LPS was not mitogenic at 100 ng/ml (data not shown). Furthermore, inclusion of 10 g of the LPS inhibitor polymyxin B sulfate per ml with either E. coli or B. bovis DNA had no effect on the stimulation of B-cell proliferation (Fig. 2) . At this concentration polymyxin B sulfate inhibits up to 1 g of E. coli LPS per ml when tested for the induction of proliferation of bovine PBMC (data not presented). Potential contamination of B. bovis parasite cultures with Mycoplasma sp., which was recently described for numerous stocks of cultured malarial parasites (63), was also ruled out. More than 25 samples of B. bovis (Texas and Mexico strains) merozoite antigen preparations collected over a 1-year period and four samples of B. bovis DNA obtained from parasites cultured during this time were tested for the presence of Mycoplasma sp. All of the samples were negative by PCR with primers that detect several different species of Mycoplasma (reference 54 and data not shown).
B. bovis DNA stimulates IgG production by bovine B cells. To determine whether the ability of Babesia DNA to stimulate B-cell proliferation correlated with enhanced immunoglobulin secretion (33), we measured immunoglobulin production by bovine B cells cultured with either DNA alone or in the presence of IL-4 or IFN-␥, which in cattle have been shown to be factors involved in enhancing IgG1 and IgG2 production, respectively (21, 22) . As a control, B cells were nonspecifically activated with PWM. In the presence of IL-4 and PWM, IgG1 production was upregulated 3.2-fold, whereas in the presence of IFN-␥ and PWM, IgG2 production was upregulated 18.3-fold (Table 1 , experiment 1). In contrast, E. coli DNA and B. bovis DNA both induced the production of moderate levels of IgG1 (approximately two-and threefold more than that produced by cells cultured with medium or PWM) and high levels of IgG2 (44-and 67-fold more than that produced by B cells cultured with PWM) in the absence of exogenous cytokine (Table 1 , experiment 1). The addition of IL-4 or IFN-␥ had no additive effect on respective IgG1 and IgG2 levels in the cultures (data not shown). In other experiments, the effect of B. bovis DNA on IgG1 was similar (1.7-fold increase), but the upregulation of IgG2 was only 2.5-fold (experiment 2). In the presence of IL-2 and IFN-␥, B. bovis DNA enhanced IgG2 production approximately eightfold (Table 1 , experiment 3), but it had no effect on IgG1 production by B cells cocultured with IL-4 (data not shown). IgM production was not significantly enhanced by DNA.
Methylation of B. bovis DNA partially inhibits mitogenic activity. Experiments with E. coli and Drosophila DNA showed that the mitogenic effect on murine B cells was reversed by methylation with CpG methylase (33, 58) , whereas the response to methylated yeast DNA was incompletely abrogated (57) . Methylation of the cytosine residue of the CG dinucleotide renders the DNA resistant to cleavage with HpaII. To determine whether the mitogenicity of B. bovis DNA was due to the presence of nonmethylated CpG motifs, untreated DNA was compared with methylated DNA for its sensitivity to HpaII and for its ability to induce B-cell proliferation. Although B. bovis DNA appeared to be somewhat less sensitive than E. coli DNA to cleavage by HpaII (Fig. 4, lanes 1 and 2) , both DNAs were completely resistant to HpaII cleavage after methylation (Fig. 4, lanes 3 and 4) . These data suggest that B. bovis DNA may have fewer unmethylated CG dinucleotides than E. coli DNA, but they also verify that the CpG methylase treatment was successful. Proliferation of B cells stimulated by B. bovis and E. coli DNA was reduced, although it was not completely abrogated in every experiment, after methylation of the DNA (Fig. 5) .
Immunostimulatory CpG motifs in the B. bovis RAP-1 coding sequence stimulate B-cell proliferation. An 11-kb segment of B. bovis DNA, which contains five ORF, including two tandem rhoptry-associated protein-1 (rap-1) genes (55), was analyzed for the presence of CG dinucleotides. This analysis revealed a relatively low abundance (0.033) of the CG dinucleotide, which is about one-half of the expected frequency of 1 per 16 (0.0625) dinucleotide pairs. A similar frequency of CG dinucleotides was present within the 1,695-bp ORF of the rap-1 gene. Examination of the RAP-1 coding region identified several known ISS, including AACGTT and GACGTT. To determine whether such nonmethylated CpG motifs present in B. bovis DNA were mitogenic for bovine B cells, one ISS consisting of nucleotides 1054 to 1065 (TAAAAACGTTAC; GenBank accession number 38218), which encodes amino acids 312 to 315 (KNVT) in the RAP-1 protein (56), was synthesized as a phosphodiester oligonucleotide and tested for induction of B-cell proliferation. This oligonucleotide was compared with an oligonucleotide (GGTCAACGTTGA) that was shown by others to be mitogenic for murine B cells and human natural killer (NK) cells (1, 32, 33) . Control oligonucleotides were synthesized that contained either the CG in reverse orientation or a methylated cytosine residue in this position. In five experiments performed with four different sets of oligonucleotides, the oligonucleotide GGTCAACGTTGA was found to be mitogenic for bovine B cells, whereas the complementary oligonucleotides GGTCAAGCTTGA and GGTCAAQCTT GA (where Q represents 5-methylcytosine) had no or little activity (representative experiments are shown in Table 2 , experiments 1 and 2). Similarly, the B. bovis-derived oligonucleotide TAAAAACGTTAC was clearly mitogenic for B cells, whereas control oligonucleotides with the CG in reverse orientation, a methylated cytosine at this position, or lacking the CG residues had little activity ( proliferation described in these experiments was not due to contaminating non-B cells, B cells were also purified by positive selection with anti-CD21-coated magnetic beads. B cells purified in this manner contained fewer than 2% contaminating CD3 ϩ or CD2 ϩ cells. When compared with negatively selected B cells, positively selected B cells gave equivalent or better proliferative responses to bacterial DNA and CpG oligonucleotides (Table 3 and Fig. 5) , ruling out the presence of contaminating cells as the responder population in our assays. Furthermore, all oligonucleotides were negative for endotoxin when tested by the Limulus amebocyte lysate assay.
Although the background level of B-cell activation varied from experiment to experiment, proliferation was dose dependent (Fig. 6A) and maximal proliferation was induced with the highest concentration of oligonucleotide tested, which was either 20 M (Table 3 , experiment 1) or 40 M (Table 3 [experiments 2 to 4], Table 4 , and Fig. 6A ). Studies with murine B cells have shown that optimal B-cell proliferation in response to CpG oligonucleotides (33) or Drosophila DNA (58) was observed at 24 to 48 h and waned by 72 h. However, when comparing bovine B cells stimulated for 48 or 72 h with the mitogenic B. bovis-derived oligonucleotide, maximal proliferation was achieved by 72 h (Fig. 6B) .
DISCUSSION
Bacterial DNA has multiple effects on different leukocyte subsets, acting both directly on B cells and macrophages and indirectly on NK cells and T cells, to enhance B-cell survival and immunoglobulin secretion in an antigen-and apparently T-cell-independent manner and to upregulate type-1 cytokine responses (42, 46) . The present study reports, for the first time, that protozoal DNA has mitogenic properties for B cells that are qualitatively and quantitatively similar to those of bacterial DNA.
The stimulatory properties of protozoal parasites for lymphocytes from nonexposed donors have been described for the genera Theileria, Plasmodium, Leishmania, Trypanosoma, and Babesia (12, 15, 23, 29, 31, 40, 41, 44 , and the present study). Factors that may contribute to the stimulation of PBMC from nonexposed donors include the expression of stimulatory cytokines by parasitized host cells, as shown for T. parva (9, 18) . However, Babesia infects exclusively erythrocytes, ruling out cytokine production by the infected cell as the stimulus. Alternatively, it has been proposed that the response by naive donors is mediated by CD4 ϩ T cells with a memory phenotype and directed against undefined cross-reactive antigens, as indicated for humans with no known exposure to P. falciparum (15, 29) , Leishmania sp. (31), or T. cruzi (44) . The kinetics of the PBMC response of nonexposed cattle to B. boris is like that of an antigen-driven response, and proliferation of murine spleen cells to Drosophila cells also peaked later than that of B cells to Drosophila DNA (58) . However, the proliferative response to B. bovis antigen by PBMC from nonexposed cattle was largely abrogated by DNase treatment, indicating that at least for Babesia, proliferation is mediated by immunostimulatory DNA and not solely due to cross-reactive T-helper cell epitopes. In support of this, lymphocytes from three head of B. bovis-naive cattle cultured for 2 weeks with B. bovis antigen were predominantly ␥␦ T cells and contained very few CD4 ϩ ␣␤ T cells (12) , whereas the majority of B. bovis-stimulated lymphocytes from B. bovis-immune cattle were CD4 ϩ T cells (10) . Because bacterial and other nonvertebrate DNAs are not directly mitogenic for T cells (26, 57) , the delayed proliferative response by PBMC to B. bovis DNA could reflect an indirect activation of T cells by cytokines, such as IL-12, that are produced by macrophages in response to DNA and known to stimulate T-cell proliferation (8, 61) .
Most studies examining B-cell activation by microbial DNA have been performed with murine B cells, although the mitogenic activity of a variety of oligodeoxynucleotides for human B cells has been reported (5, 35) . It is interesting that E. coli DNA did not stimulate human peripheral blood B-cell proliferation, even though oligonucleotides did (35) . The present study is the first to demonstrate mitogenic properties of microbial DNA for bovine B cells and as such is an important extension of the mouse studies to a nonrodent and outbred species. E. coli and D. melanogaster DNA stimulated polyclonal uridine for an additional 6 h before being harvested. Phosphorothioate-modified oligonucleotides are indicated in lowercase letters. The "cg" motif is underlined, and the methylated cytosines are indicated by the letter "q". E. coli DNA (10 g/ml) cultured with 10 g of polymyxin B per ml was included as a positive control.
b Results are expressed as the mean cpm Ϯ 1 SD of duplicate or triplicate cultures.
c The SI was derived by dividing the mean cpm of B-cell cultures with oligonucleotide or DNA by the mean cpm of B-cell cultures with medium. murine B-cell activation (33, 57) , and E. coli DNA enhanced IgM production in murine B cells stimulated with anti- (33) . The studies performed with human B cells reported that oligonucleotides induced proliferation and secretion of both IgM and IgG (5, 35) . E. coli and B. bovis DNA also stimulated bovine IgG production, with moderate effects on IgG1 and more dramatic effects on IgG2. The ability of B. bovis and E. coli DNA to stimulate IgG2 production by purified B cells in the absence of exogenous IFN-␥ was probably not due to contaminating NK cells or T cells, since fewer than 1% CD3 ϩ or CD2 ϩ cells were detected in the purified B-cell preparations (data not shown).
The proliferation of B cells in response to B. bovis DNA was generally lower than the proliferation induced by E. coli DNA, in that equivalent levels of proliferation were achieved by twoto tenfold less E. coli DNA. This result could reflect the differences in CG dinucleotide content in B. bovis and E. coli DNAs. First, the overall CG content in B. bovis is relatively low. Second, in contrast to most bacterial, yeast, and Drosophila DNAs, which have the expected relative abundance of CG dinucleotides (13) , CG dinucleotides were present at only onehalf of the expected frequency in the 11-kb sequence of B. bovis DNA examined. Underrepresentation of CG dinucleotides in other protozoa, including P. falciparum, has also been reported (30) . Third, although the results of HpaII digestion indicate that the majority of CpG residues in B. bovis DNA are nonmethylated, some methylated CpG residues may be present, which is likely since partial methylation of CpG residues was reported for P. falciparum DNA (45 In several experiments with B. bovis DNA and in one experiment with E. coli DNA, the stimulation of B-cell proliferation was only partially reduced, even though methylation of the DNA with CpG methylase resulted in resistance to HpaII restriction endonuclease digestion. Sun et al. (57) similarly observed an incomplete abrogation of murine B-cell proliferation to methylated yeast DNA. It is possible that in some cases the DNA was incompletely methylated by SssI methylase treatment. It is also possible that residues in addition to nonmethylated CpG motifs present in B. bovis DNA can stimulate bovine B-cell proliferation. When synthetic oligonucleotides containing CpG, GpC, or methylated CpG sequences and oligonucleotides lacking CpG sequences were compared for Bcell mitogenic activity, the non-CpG oligonucleotides often induced some degree of B-cell proliferation above background levels, although the CpG oligonucleotides were always superior (for example, see Table 2 , experiments 2 to 4, and Table  3 ). In support of these results with bovine B cells, others have shown that both murine and human B-cell proliferative responses to phosphorothioate-modified oligonucleotides did not always require CpG motifs (35, 42) . Furthermore, recent studies have shown that methylating the central cytosine of oligodeoxynucleotide 1916 (TCCTGACGTTGAAGT) reduced by one-half its ability to prevent apoptosis of murine splenic B cells, but importantly this did not abrogate activity (65) . Together, these studies suggest that the low level of mitogenic activity that we have observed for bovine B cells with methylated DNA or oligonucleotides as well as non-CpG sequences is not unique to the bovine host.
Bovine B cells recognize at least two oligonucleotide sequences known to stimulate murine B cells, which argues that these two species can recognize the same or similar motifs. Oligonucleotides containing the sequence GGTCAACGTTGA used in our experiments stimulated murine B-cell proliferation, although the corresponding non-CpG oligonucleotides had no mitogenic activity (33) . Bovine B cells were also stimulated by the phosphorothioate-modified oligonucleotide TTC CATGACGTTCCTGATGCT (data not presented) that induces murine B-cell proliferation (33) . The precise mechanism by which CpG-containing oligonucleotides preferentially activate bovine B cells is not clear. Cellular uptake of the DNA fragment appears to be required for stimulation of murine B cells (33) , whereas human B cells appear to be activated via surface receptor binding (35) .
Leukocyte recognition of CpG motifs of microbial origin could represent an innate immune defense mechanism which would enable discrimination of pathogen from host DNA and trigger a selective immune response at the site of infection (42) . Thus, an overwhelming parasite infection has a means of nonspecifically activating innate defense mechanisms that could enable host survival and result in persistent parasitic infection. In fact, humans who recover from malaria and cattle that recover from natural or experimental infection with T. parva or B. bovis remain persistently infected, thereby ensuring parasite survival by providing a reservoir for subsequent arthropod-vectored transmission (19, 36, 39, 66) .
The immunostimulatory properties of protozoal DNA could also contribute to the pathology of acute protozoal infection, such as splenomegaly and hypergammaglobulinemia (6, 28, 37) , conditions which could be provoked by hyperactivation of B cells and macrophages in response to DNA released from dying parasites. In fact, phosphorothioate-modified CpG-containing oligonucleotides induced splenomegaly and polyclonal B-cell activation in mice (42) . Nonmethylated plasmid DNA is taken into macrophages by endocytosis or phagocytosis, where it can activate the transcription factor NF-B, leading to downstream activation of inflammatory cytokine genes, including IL-1␤ and TNF-␣ (52) . Among the array of cytokines induced by bacterial DNA, many are regulated by NF-B (for a review, see reference 38). Thus, it is possible that DNA released by intracellular or extracellular parasites could activate B cells and phagocytic cells, leading to enhanced immunoglobulin secretion and production of inflammatory mediators. Malarial and babesial parasites induce TNF-␣ production by macrophages (2, 3, 51, 59) , which together with IFN-␥, is believed to play a protective role in these infections. However, if overproduced or expressed late in infection, TNF-␣ and IFN-␥ can enhance host pathology, leading to cerebral malaria and, by analogy, cerebral babesiosis (25, 27, 64) . Nitric oxide, a key player in both scenarios, is induced by P. falciparum (47) and B. bovis (54) extracts and bacterial DNA (52) , but it remains to be determined if protozoal DNA can similarly stimulate macrophages to produce nitric oxide and inflammatory cytokines involved in either protection or pathology.
The exceptional immunogenicity of DNA vaccines is attributed to specific CpG ISS in the backbone of the plasmid DNA vector which prime macrophages and other antigen-presenting cells towards a type-1 immune response (reviewed in references 46 and 60). In mice, this response is generally characterized by enhanced IFN-␥ and IgG2a responses, which are mimicked by the use of CpG-containing oligonucleotides as adjuvants for protein vaccines (14, 16, 34, 48) . Our results with two CpG ISS demonstrate the feasibility of similarly enhancing immune responses in cattle when used as adjuvants to deliver protein vaccines. In addition, our results support the use of plasmid vectors and genes containing ISS for nucleic acidbased immunization protocols (49) . Experiments are planned to characterize the effect of CpG-containing oligonucleotides on macrophage activation, including cytokine and iNOS gene expression, and on priming for IFN-␥ and IgG2-biased immune responses in cattle.
